Novel electrospinning techniques with nano-materials. by King, Simon G.
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Available online 26 November 2014A method to simultaneously synthesize carbon-encapsulated magnetic iron nanoparticles
(Fe-NPs) and attach these particles to multi-walled carbon nanotubes (MWCNT) is pre-
sented. Thermal decomposition of cyclopentadienyliron dicarbonyl dimer [(C5H5)2Fe2(CO)4],
over a range of temperatures from 250 C to 1200 C, results in the formation of Fe-NPs
attached to MWCNT. At the same time, a protective carbon shell is produced and surrounds
the Fe-NPs, covalently attaching the particles to the MWCNT and leading to resistance to
acid dissolution. The carbon coating varies in degree of graphitisation, with higher synthe-
sis temperatures leading to a higher degree of graphitisation. The growth model of the
nanoparticles and subsequent mechanism of MWCNTattachment is discussed. Adsorption
potential of the hybrid material towards organic dyes (Rhodamine B) has been displayed, an
indication of potential uses as a material for water treatment. The material has also been
electrospun into aligned nanocomposite fibres to produce a soft magnetic composite (SMC)
with future applications in sensors and fast switching solenoids.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Iron and iron oxide nanoparticles have received significant
interest in recent years [1] for applications such as: anodes
for lithium-ion batteries [2,3], magnetic resonance imaging
[4], magnetic fluid hyperthermia [5] and cancer diagnosis [6].
The synthesis method should be simple, cheap and scalable,
as well as being able to provide a means of protecting the
nanoparticles.
A number of synthesis routes have been proposed for iron
and iron oxide nanostructures [7]. Methods include: decom-
position [8], microwave-hydrothermal [9], ultra-sonication
assisted [10], hydrolysis of iron chloride [11], gas–liquid
interfacial synthesis [12], the reverse micelle method [13],laser pyrolysis [14], laser ablation [15] and liquid–solid-solu-
tion [16]. They are also a result of high iron loading in carbon
nanotube (CNT) synthesis [17] and similar results can be
achieved by filling CNTs [18,19]. Here we demonstrate a one-
step thermal synthesis method to simultaneously grow and
encapsulate iron nanoparticles (FeNP) and attach them to
preformed carbon nanotubes, to form a nanoparticle–multi-
walled carbon nanotube (FeNP–MWCNT) hybrid material.
The resultant composite is both magnetic and oleophilic,
allowing for possible applications in oil recovery [20]. A
carbon coating has been shown to encapsulate the nanoparti-
cles, leading to stability in air and protection of the
nanoparticles from dissolution in acidic media (hydrochloric
and nitric acids have been tested). Effective encapsulation
48 C A R B O N 8 4 ( 2 0 1 5 ) 4 7 –5 5results in the ability of the hybrid to be introduced into harsh
environments and allow for chemical processing to occur.
MWCNT and FeNP functionalisation can be carried out in
the same manner owing to the graphitic coating [21].
Functionalisation has the potential to improve biocompatibil-
ity, improve selectivity [22] and enhance functionality [3]. The
relatively low synthesis temperature (250 C) to produce
encapsulated nanoparticles has only been seen in a handful
of journals [9,12,23–25] and none using a one-step synthesis
route. The system introduced in this study avoids complex
synthesis routes and provides a low cost, simple route for pro-
tecting iron rich nanoparticles.
Typically, coatings are used to protect the material from
wear and oxidative damage [26] and to improve properties
such as electronic conductivity [27] and biocompatibility
in vivo [28]. Protective coatings have been produced using a
variety of materials, such as alumina [25], silica [29], and a
variety of polymers, such as polyethylene glycol (PEG) [22]
and PEG-polyisoprene block copolymers [30]. Amorphous
carbon coated magnetic iron nanoparticles have been
synthesized using a polymer-templated method [31] and has
been shown to be stable in air [32,33]. The same method
has also produced graphitic carbon coatings [34], another
method of producing graphitic carbon coatings include evap-
oration of metals with a hydrocarbon flow [35] and decompo-
sition of iron nitrate in the presence of starch [36]. However,
no resistance to acidic media is shown, where acid resistance
is shown [37] multiple synthesis steps are required. Simulta-
neous nanoparticle growth and protection is beneficial, as it
negates the need for further processing steps, which increase
cost, and can lead to increased loss of product and contami-
nation of the material. Graphitic carbon coatings are expected
to exhibit beneficial properties over other coatings, such as
electron conductivity and potential for biocompatibility.
Synthesizing a carbon coating around the iron nanostruc-
tures has benefits over other coatings, as the chemistry is well
known and functionalisation can be used to attach usefulmoi-
eties, such as anti-cancer drugs (e.g. doxorubicin) for targeted
cancer treatment [38,39] or selective groups, such as those
used for enzyme immobilization [40]. Nanoparticle formation
and subsequent carbon coating in a one-step synthesis route
can be achieved by the choice of precursor used.
The decomposition of iron pentacarbonyl in the presence
of oleic acid is a well known method for Fe-NP formation
[23]. Ferrocene has also been shown to decompose and form
a carbon shell around the iron nanoparticles and has shown
to exhibit novel structures [41]. Cyclopentadienyliron dicar-
bonyl dimer [(C5H5)2Fe2(CO)4], was chosen in this work
because, unlike other precursors, it can form free radicals
during decomposition, due to the dimeric nature of the mol-
ecule [42]. Studies have shown it to be a useful radical initia-
tor in free radical photo-polymerisation [43] and has been
shown to act as a catalyst for MWCNT growth [44]. The pres-
ence of free radicals is likely to aid the attachment of the
nanoparticles to carbon nanotubes during the nucleation pro-
cess. The reaction mechanism for radical formation is shown
in Fig. 1, where the mu-bonded carbonyl groups (CO bonded
to both iron atoms) break a bond with one of the iron atoms,
forming the intermediate species. This species can then break
down into two identical radicals, as the iron–iron bond isbroken and one electron from the sigma bond goes to each
of the iron species.
Radicals are extremely reactive species and are short lived;
these species could react with nearby MWCNT material and
form chemical bonds. The iron-containing bonding sites will
then act as fixed nucleation sites for nanoparticle formation.
In this work a mechanism for nanoparticle formation on
MWCNT samples is proposed and the properties of the resul-
tant composite material are investigated.2. Experimental
Cyclopentadienyl iron(II) dicarbonyl dimer [(C5H5)2Fe2(CO)4]
(99%, Sigma Aldrich) was combined with commercially
available MWCNTs (Arkema Graphistrength) a ratio of 10:1.
This was achieved by dispersing the nanotubes in chloroform
(P99%, Sigma Aldrich) and adding the precursor before soni-
cating (225 W) for 1 h. The resultant homogenous solution
was dried under air. The solid was collected and placed in a
ceramic boat before being introduced into a tube furnace.
All experiments were carried out at atmospheric pressure in
nitrogen gas. The final temperature, temperature rate and
holding time were varied across experiments in order to
ascertain the optimum synthesis conditions. All experiments
were left to cool to below 70 C before the sample was
removed from the tube furnace chamber.
Adsorption of rhodamine B dye (Sigma Aldrich) was dem-
onstrated by diluting the dye solution to a concentration of
10 nmol dm3 using de-ionisedwater. The solutionwas placed
in a quartz cuvette and a small amount of the compositemate-
rial was added. The solution was analyzed by UV/visible spec-
troscopy (Varian Cary 5000) before and 5 min after the addition
of the composite material.
Electrospinning the material into aligned sheets was
achieved by dispersing the magnetic hybrid material in water
under ultra-sonication (300 W, for 30 minusing a fine tip probe)
using sodium dodecylbenzene sulfonate (SDBS) as a surfac-
tant. Once dispersed, the solutionwas blendedwith polyethyl-
ene oxide (2,000,000 Mv) (PEO) to give it desired viscoelastic
properties, allowing it to then be electrospun onto a high speed
rotation surface (+15 kV, at a distance of 22 cm).3. Results and discussion
The iron nanoparticle decorated MWCNT material was found
to be magnetic both as a solid and in solution. In order to
determine if the magnetic material was protected, it was
soaked in a 2 M solution of hydrochloric acid (Sigma Aldrich)
and tested with a magnet. The effect of synthesis tempera-
ture on the protective ability of carbon shell that encapsulates
the nanoparticles was also investigated.
The carbon shell has the ability to protect the internal
nanoparticle, provided that the carbon layer fully encapsu-
lates the particle. Hydrochloric acid was chosen as, unlike
other mineral acids (HNO3 and H2SO4), it is not expected to
oxidise the carbon shell [37]. Resistance to an external envi-
ronment is required for medical applications, such as cancer
treatment [1]. A fraction of the hybrid material was added to
2 M HCl(aq) for 24 h and then filtered, before being washed
Fig. 1 – Schematic of radical formation from cyclopentadienyliron dicarbonyl dimer upon the addition of heat.
C A R B O N 8 4 ( 2 0 1 5 ) 4 7 –5 5 49with water and re-dispersed in methanol. To determine if the
synthesis temperature had an effect on shielding ability, the
acid test was carried out on samples produced at low
(250 C) and high (1000 C) temperatures. Temperatures below
250 C have not, so far, produced protected nanoparticles
using a one-step synthesis method. Nanoparticle formation
is not expected much below 250 C when using this precursor,
which exhibits a decomposition point of 194 C.
Higher synthesis temperatures are expected to produce lar-
ger nanoparticles due to increased coagulation and Ostwald
ripening. Samples synthesised over a range of temperatures
(250 C, 550 C, 1000 C and 1200 C) were analysed by STEM
using a HAADF detector. From the images collected, the diam-
eters of 100 nanoparticles were measured for each synthesis
temperature, histograms showing the range of measured
nanoparticle sizes and average size can be found in the Sup-
plementary information. Results confirm that nanoparticles
are larger with increased synthesis temperature.
Fig. 2a shows that the hybrid material is magnetic and
remains so after acid soaking, indicating that a significant
number of nanoparticles are well protected from acida 
b c
Fig. 2 – NP-MWCNT hybrid material showing (a) magnetic proper
of the hybrid using SE mode STEM imaging and (c) the same im
nanoparticles on the CNT network.dissolution. During the acid treatment process, the materials
synthesized at low temperature gained a slight green colour,
whilst the high temperature analogue remained clear. This
indicates that high temperature synthesis conditions result
in a more efficient protection for iron nanoparticles from
HCl(aq). After acid soaking, materials synthesized at higher
temperatures were removed from solution when in close
proximity to a magnet more quickly than those synthesized
at low temperature. This supports the observed colour change
in proving that more nanoparticles synthesized at low tem-
perature were dissolved after soaking in HCl(aq) as a result
of less protection around the nanoparticles.
In Fig. 2c the majority of particles are between 10 and
40 nmwith the smallest being less than 10 nm and the largest
above 90 nm. The nanoparticles are anchored at specific sites,
such as MWCNT defects or at crossover points. Particles have
a uniform coating of carbon, suggesting that this step occurs
after the nanoparticle has been synthesized, i.e. carbon coat-
ing occurs in the cooling process, confirming the mechanism
proposed in Fig. 5. Using the internal carbon source provided
by the iron precursor allows for a high iron to carbon ratio,ties as a solid and after soaking in HCl(aq), (b) the topography
age in ZC imaging mode depicting the positions of the iron
50 C A R B O N 8 4 ( 2 0 1 5 ) 4 7 –5 5which is desired for many applications where protected mag-
netic particles are used. Overall there is a significant quantity
of iron present in the sample, as can be seen in Fig. 2c.
The elemental profile in Fig. 3b across the nanostructure
indicates that the nanoparticle is predominantly made of
iron, comprising of an iron rich core of about 50 nm diameter.
It can be deduced that as the iron precursor decomposes to
form mainly metallic iron particles and that the nitrogen
gas used in synthesis avoids significant oxidation. However,
partial oxidation does occur. This leads to the presence of
an iron oxide shell, approximately 5 nm in thickness. This is
indicated in the EELS spectra by an increase in the oxygen
content around the nanoparticle. The large peak of carbon
at the periphery of the nanoparticle proves that it is coated
in a carbon layer. The coating is mostly amorphous, deter-
mined by the low level of organization, compared to the
highly ordered planes seen in the nanotube walls, as shown
in Fig. 4c.
In Fig. 4a, the nanoparticle appears to be attached to the
carbon nanotube using amorphous carbon as ‘‘molecular
glue’’. The initiation of the attachment is proposed to be a
result from radical formation during the decomposition of
the precursor (Fig. 1). The radicals formed could attack the
MWCNTs and form a bond between an iron atom and a
MWCNT before the radical further decomposes to form the
beginning of a FeNP. The Fe-NP grows in size following the
mechanism in Fig. 5 and subsequently exudes carbon from
the nanoparticle upon cooling. In this case the carbon layer
has remained amorphous; it encapsulates the iron-rich nano-
particle and supports the attachment of the nanoparticle to
the MWCNT.
As the carbon shell is predominantly an amorphous coat-
ing (see Fig. 4a), it is hypothesised that the majority of the car-
bon present was not absorbed into the iron nanoparticles to
form an iron carbide phase. However, a graphitic carbon coat-
ing can be resolved for the low (Fig. 4b) and the high (Fig. 4c)
temperature synthesis routes, indicating that this can occur
even at low synthesis temperatures. Many particles imaged
by STEM show the same shell, it has been concluded that
the carbon shell is a result of nanoparticle synthesis and
not overlap of a near-by carbon nanotube. STEM has beenb
a 
Fig. 3 – (a) A single nanoparticle attached to a MWCNT (synthes
Energy-Loss spectra was acquired, to measure the carbon (C), o
nanoparticle. (b) The relative intensity of the C, O and Fe signals
iron rich, with an iron oxide shell which in turn is surrounded
position for O and C confirm separate shells are present. The dis
drift corrections during Electron Energy-Loss Spectroscopy (EELS
be viewed online.)used to characterise degree of graphitisation unambiguously,
although Raman spectroscopy and XRD would assess a larger
amount of sample the majority of signal obtained in both of
these techniques would be due to the MWCNT material and
not the graphitic shell surrounding the nanoparticles. To
graphitize at relatively low temperature the nanoparticle
must act as a catalyst for this transformation. Iron oxide
nanoparticles have been shown to be catalytically active at
temperatures as low as 110 C [45], it is therefore feasible that
the nanoparticles can act as a catalyst for graphitizing carbon.
Iron oxide has been shown to be present in the product at
high (Fig. 3) and low (Fig. 4b) temperatures. The iron oxide
shell is only present in some of the material, with less iron
oxide seen at higher synthesis temperatures. The presence
of iron oxide can be described with two competing explana-
tions: as a result of oxygen from the precursor or oxidation
in air after synthesis. There is appreciable oxygen content
in the organometallic compound used, from the CO ligands,
which could lead to the oxidation of synthesised nanoparti-
cles, depending on the decomposition mechanism of these
groups. The disproportionation reaction of carbon monoxide
has been shown to form CNTs and onion-like particles [46],
meaning that free carbon and free oxygen are present in the
system. At high temperatures, these oxygen containing
groups do not lead to as many nanoparticles containing iron
oxide; this could be explained by the carbon present reducing
iron oxide to iron during synthesis [3].
At low temperature, the system does not have enough
energy to initiate this process and therefore the oxide
remains. If this were the only mechanism of iron oxide for-
mation, the carbon adsorbed by the particle would be exuded
after oxidation had occurred. Subsequently, the carbon layer
would remain as an amorphous coating. However, particles
with graphitic shells and iron oxide surrounding the FeNP
have been also observed at these low temperatures (Fig. 4b).
Therefore, the oxidation of the FeNP by the oxygen contained
in the precursor is not the only mechanism.
Another potential explanation is that oxidation occurs
after nanoparticle formation. This could be explained by the
FeNP exuding the carbon as a discontinuous layer that does
not fully encapsulate and protect the internal nanoparticle. 
ized at 1200 C), showing the line across which Electron
xygen (O) and iron (Fe) relative composition within the
across the nanoparticle shows that the core of the particle is
by a carbon coating. The small difference in peak maxima
continuities in the spectra are related to errors in the spatial
) (indicated by the arrows). (A color version of this figure can
Fig. 4 – High resolution STEM images in TE mode of single iron rich nanoparticles. (a) Attached to a MWCNT (synthesized at
1200 C) with an iron-oxide (5 nm), amorphous carbon (6 nm) shells and amorphous carbon provides the binding to the
MWCNT. (b) Showing encapsulating shells of iron oxide and graphitic carbon (synthesized at 250 C) and (c) encapsulating
shells of graphitic carbon with no iron oxide layer (synthesized at 1200 C).
C A R B O N 8 4 ( 2 0 1 5 ) 4 7 –5 5 51The nanoparticle is then subject to oxidative attack, leading
to an iron oxide layer surrounding the iron rich centre. In this
explanation, amorphous carbon with a thickness of 6 nm
(Fig. 3) does not sufficiently protect the nanoparticle from oxi-
dation. Similarly, the graphitized layer seen in Fig. 4b is not
sufficient to protect the encapsulated nanoparticle from oxi-
dation. This would require the carbon shell to expand, which
seems unlikely. Although if many graphitic planes are seen,
rather than one continuous sheet, this may be possible but
would leave areas of the nanoparticle surface completely
unprotected.
Graphitisation of the carbon layer is seen at both low and
high temperature synthesis (Fig. 4b and c). Carbon will be
absorbed and subsequently exuded from the nanoparticle as
graphitic layers, if enough energy is present to overcome
the energy barrier associated with the phase transformation.
At the low synthesis temperatures seen in this study (250 C),
graphitic carbon is not expected to be formed from iron nano-
particles. It could be that the presence of an iron oxide layer
provides an alternative low energy pathway for graphitisation
and analysis of the produced graphitic layers appears to show
a highly defective structure. This would support the argument
for iron oxide being present before the carbon coating is
formed rather than oxidising post synthesis. At higher syn-
thesis temperatures, metallic iron nanoparticles catalyse gra-
phitic shell formation with less defective structure, appearing
as a continuous sheet. It can be deduced that higher temper-
ature synthesis leads to a higher percentage of the nanoparti-
cles formed having a graphitic shell capable of protecting the
encapsulated particles from acid dissolution. However, a
recent paper studying CNT synthesis in situ (via TEM) con-
firmed that iron oxide nanoparticles must be reduced to iron
carbide (Fe3C) before CNT growth is possible, after carbon is
exuded as graphitic sheets, a metallic iron particle remains[47]. Therefore, iron oxide could cause graphitisation but
would not be present as iron oxide after synthesis, casting
doubt on the mechanism proposed above.
To summarise, iron nanoparticles have been synthesised
and attached to carbon nanotubes. The nanoparticles exhibit
an encapsulating carbon shell, which has been shown to vary
in graphitic content, depending on synthesis temperature.
However, the presence of graphitic planes at low synthesis
temperatures (250 C) and iron oxide confuses the mecha-
nism by which carbon is known to graphitise.
A mechanism was proposed by Weatherup et al. has
shown a low temperature synthesis route for graphitic struc-
tures (in this case for graphene synthesis) [48]. This mecha-
nism has been applied to this research to shed light on the
production of graphitic carbon encapsulated nanoparticles
at low temperatures. According to the iron–carbon phase dia-
gram, iron and carbon can alloy, with carbon penetrating the
sub-surface to form iron carbide, the highest concentration of
which is at the surface. Such nanoparticles containing a
metal carbide phase have been shown to provide a low energy
pathway for carbon nanotube formation [49]. In this instance,
the necessary carbon source is not present to synthesize
nanotubes, instead only a small amount of carbon is present
from the decomposition of the precursor. Upon cooling, the
carbon is exuded from the nanoparticle as separate phases
of iron and graphitic carbon phases.
Nyamori et al. propose that carbon species derived from
C5H5 or CO ligands, such as those present in (C5H5)2Fe2(CO)4,
will break down into free carbon (C1) or similar small carbon
radicals (C) [50]. Other studies have shown that carbonyl
groups will be lost in the through decomposition, shown for
iron pentacarbonyl [51]. In this work, this would lead to most
of the carbon used to form the shell coming from the cyclic
carbon ring. Assuming that the precursor does break down
Fig. 5 – (1) Iron precursor ((C5H5)2Fe2(CO)4) decomposes to
form (2) iron vapour; agglomeration occurs, to form (3) iron
nanoparticles. (4) Carbon-containing groups are broken
down on surface leading to free carbon that (5) adsorbs into
iron nanoparticle forming iron carbide species and (6)
becomes saturated. Upon cooling (7) the trapped carbon
diffuses to the surface forming separate iron and carbon
phases, (8) as carbon deposits build up on the surface the
nanoparticle is completely encapsulated. (A color version of
this figure can be viewed online.)
200 300 400 500 600 700 800
0.0
0.1
0.2
0.3
0.4
Ab
so
rb
an
ce
Wavelength (nm)
 Before addition 
 After addition
Fig. 6 – UV/visible spectroscopy of rhodamine dye solutions
before (black) and after (red) the removal by a small amount
of magnetic composite material. Results show that
rhodamine (Pmax at 550 nm) is adsorbed on to the surface of
the composite material and can be removed from solution
using a magnet. The presence of the composite in solution
has increased the background signal measured. (A color
version of this figure can be viewed online.)
52 C A R B O N 8 4 ( 2 0 1 5 ) 4 7 –5 5into small species, such as C1 and C
, a mechanism can be
proposed for the formation of encapsulated nanoparticles
(Fig. 5), following the steps outlined by Moisala et al. for
SWCNT synthesis using nickel acetylacetonate [52]. The pre-
cursor (1) decomposes into a metal vapour (2), which coa-
lesces into nanoparticles (3). Carbon-containing groups (CO
and C5H5) are broken down (4) carbon is dissolved into the
nanoparticle, providing enough energy is present (5), until
the saturation point is reached (6), or the carbon source is
removed. Carbon is exuded from the nanoparticle as the
material is cooled (7) the nanoparticle is encapsulated by a
carbonaceous layer (8).
As carbon is adsorbed into the Fe-NP carbon-containing
iron phases are produced, these are austenite (c-Fe) and
cementite (Fe3C). An iron phase of ferrite (a-Fe) and a separate
carbon layer are thermodynamically favourable, when com-
pared to c-Fe and Fe3C, at room temperature [53]. Yu et al. also
propose a metal–carbon fused phase during the formation ofcarbon encapsulated nanoparticles of cobalt and nickel [54] as
well as iron [36]. This supports the proposed model in Fig. 5,
that the carbon is exuded upon cooling.
The carbon shell has shown to produce both amorphous
(Fig. 3) and graphitic (Fig. 4b and c) carbon phases. As
described above, carbon is exuded from the nanoparticle
upon cooling (Fig. 5, stage 7), which is true for graphitic car-
bon formation. When the energy present in the system is
greater than the activation energy required to form an iron
carbide phase, carbon will be dissolved into the iron nanopar-
ticle, upon cooling this carbide phase is exuded from the
nanoparticle as graphitic planes. The graphitic planes form
uniformly over the surface of the nanoparticle, producing car-
bon shells that encapsulate the inner nanoparticle.
If amorphous carbon surrounds the nanoparticle, it can be
concluded that insufficient energy was present to form an
iron carbide phase. The process would therefore stop at stage
4 of Fig. 5, with carbonaceous groups being broken down at
the surface of the nanoparticle but not absorbed. Amorphous
carbon may still encapsulate the nanoparticles and even
provide some degree of protection to the internal particle,
however rigid bonding structure of graphitic sheets (see
Fig. 4c) and increased resistance to oxidative attack is
expected to provide improved protective ability to the internal
nanoparticle.
A small amount (20 mg) of the magnetic nanohybrid was
added to a weak solution of rhodamine dye (10 nmol dm3),
and within 5 min the solution underwent a colour change
from pink to clear. To demonstrate the adsorption of the
dye on to the composite material, UV/visible spectroscopy
was undertaken on a solution of the dye before and after
the removal by the composite material (see Fig. 6). Five min-
utes after the composite was added, a magnet pulled the
composite and adsorbed dye to the bottom of the cuvette, in
order for the after removal measurement to be taken.
The rhodamine was adsorbed by MWCNT surfaces
through a number of interactive forces, such as aromatic
stacking of the sp2 hybridised carbon. This is a result of elec-
tron orbital overlap between the nanotube and the aromatic
ring of the dye molecule [55]. For aromatic stacking to occur,
Fig. 7 – The electrospun soft magnetic composite (SMC)
containing the magnetic hybrid material. The coupon seen
here was approximately 5 cm by 8 cm; the SMC remains
magnetic after electrospinning despite a low hybrid
material content. (A color version of this figure can be
viewed online.)
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present. The material produced in this study is expected to be
a superior candidate for adsorption of organic dyes because of
the combination of high surface area MWCNT graphitic
surfaces, with low amorphous carbon content, high iron to
carbon ratio, and importantly magnetic nanoparticles that
can draw the MWCNT material out of solution with a magnet
(see Fig. 2a).
In order to further demonstrate the application versatility
of this new magnetic CNT nano-hybrid, a soft magnetic com-
posite (SMC) was also produced (see Fig. 7) revealing further
applications for SMC items such as rotating machinery, fast
switching solenoids [56] ‘‘intelligent fibres’’ for military
clothing [57] and magnetic sensors [58]. SMC materials are
commonly produced using iron powder and resin, using mag-
netic nanoparticle loaded CNTs as opposed to iron has the
added benefit of improved mechanical performance [59]. Elec-
trospinning this solution resulted in a large area of highly
aligned nano-fibres loaded with magnetic CNTs. Magnetism
in the SMC is demonstrated (despite the low CNT content),
confirming that the magnetic nano-hybrid material can have
further applications in advanced SMCs.
4. Conclusions
A one-step thermal synthesis method of producing carbon
encapsulated magnetic iron nanoparticles attached to
MWCNTs has been outlined. The relatively low temperatures
used have only been reported in a handful of journals and
none which encapsulate the nanoparticle in parallel. The
choice of precursor, cyclopentadienyl iron dicarbonyl dimer,
is paramount to the successful synthesis of the composite
material by providing an iron and carbon source with a
favourable decomposition route to produce nanoparticles, as
has not previously been studied in this manner. A mechanism
for nanoparticle formation has been outlined and the
structures of the nanoparticles have been investigated.
Higher synthesis temperatures increase the protective ability
of the carbon coating.
By synthesizing protected magnetic nanoparticles on to
carbon nanotubes the scope for functionalisation and the
attachment of linking molecules opens up new possibilities
of research in the fields of energy management, chemical pro-
cessing and biotechnology. The hybrid material has also been
electrospun to form a light weight and aligned CNT composite
that can be manipulated with a magnet, highlighting how thematerial may find applications as a soft magnetic composite.
Producing high surface area solids like this could help to over-
come the hurdles of nanoparticle contamination for future
applications.
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Steam treatment has been applied to our prefabricated highly aligned areas of electrospun
carbon nanotube composite nano-fibres, leading to controlled and targeted removal of
polymeric and amorphous carbon materials, resulting in areas of highly aligned, highly
crystalline, pure nanotubes. Raman analysis shows how the ID to IG intensity ratio was
reduced to 0.03, and the radial breathing mode peak intensity, used for nanotube diameter
calculation, changes. Therefore, suggesting that some carbon nanotubes are more resistant
to steam assisted oxidation, meaning that specific carbon nanotube diameters are prefer-
entially oxidised. The remaining carbon nanotubes have displayed a significant improve-
ment in both quality, with respect to defect density, and in crystallinity, resulting in an
increased resistance to oxidation. These steam treated super resilient carbon nanotubes
are shown to withstand temperatures of above 900 C under ambient conditions. Applying
this purification method to electrospun nano-fibres leads theway for the next generation of
composite materials which can be used in high temperature extreme environments.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Due to their remarkable mechanical, thermal and electrical
properties, combined with their high aspect ratio, carbon
nanotubes (CNTs) have received high levels of scientific
interest [1–3]. Through previous research, we have already
demonstrated how their remarkable properties can be
implemented into composite materials and electronics
[4–6]. However, these beneficial properties are only true for
pristine CNTs. Using current growth processes, defects in
the CNT structures and impurities such as amorphous
carbon are unwanted by-products which limit the scope of
these materials in future applications. However, steam
treatment has been shown to purify CNTs, removing the
unwanted by-products, which is expected to improve these
beneficial properties.In this work, previous research in to steam assisted
purification of CNTs [7–9] has been advanced to also show
selective oxidation of CNTs with high defect concentrations,
which has shown selectivity towards certain CNT diameters,
a previously unreported result. CNTs that survive this
treatment are of extremely high quality/crystallinity, and as
such display increased, and in some cases total resistance
to oxidation under ambient conditions above 900 C. This
degree of improvement in oxidation temperatures has not
been observed previously.
The customised steam treatment process has, for the first
time, been applied to highly aligned electrospun CNT-polymer
composite fibres and successfully removed polymer,
surfactant, amorphous carbon and defective CNTs. This
results in highly aligned CNT sheets of high CNT quality, over
large areas suitable for technology integration.
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the lower energy required to break the chemical bonding,
hence preferentially oxidising less ordered materials. CNTs
are highly crystalline, tubular sp2 carbon structures and are
more difficult (require more energy) to oxidise than amor-
phous carbon and polymeric carbon contained in the com-
posite fibres. Water molecules do not thermally dissociate
into hydrogen and oxygen at temperatures below 2000 C
[10], but will oxidise carbon through two key reaction pro-
cesses when elevated to temperatures of 700 C and above,
reacting with only defective or amorphous carbons [7]. Not
only does this process have a large potential for upscale and
commercialisation, it can be carried out at atmospheric pres-
sure and only requires water as the reactant.
Applying this treatment process to electrospun CNT com-
posite fibres allows for large scale production of highly
aligned CNT buckypapers on a macroscopic scale [11]. This
paves the way for applications in super-tough composite
fibres [12], super capacitors and electronic textiles [13], to
name a few. There are several successful routes to manipu-
late CNTs into uniform orientations, one being electrospin-
ning in which large areas of aligned CNT fibres can be
obtained at relatively high speed [14]. This process forms
nano-fibres through exerting electrostatic forces on a visco-
elastic solution, causing uniaxial stretching as it solidifies,
before being collected [15]. Electrospinning a polymer solu-
tion or melt, loaded with CNTs, produces arrays of aligned
fibres, in which the embedded CNTs are also aligned, which
has been reported to improve many of the materials proper-
ties, including charge transport between CNTs [16–19]. How-
ever, embedding CNTs in a polymer could potentially have
detrimental effects on the mechanical and electronic proper-
ties of the material, unless the polymer (and surfactant) is
removed. In the work reported here we propose a method
using steam treatment which supersedes traditional thermal
evaporation, by removing more amorphous carbon and
defects, to obtain aligned sheets of high quality extremely
pure CNTs.2. Experimental
The single-walled CNTs (SWCNTs) used in this study were
manufactured by Thomas Swan & Co. Ltd., and were supplied
in a ‘wet-cake’ form (3.7% weight CNT in an aqueous solution,
forming a jelly-like consistency). The CNTs were dispersed at
0.1% weight using an ultrasonic tip probe (30 min at 300 W,
20 kHz) while in solution with sodium dodecylbenzene sul-
phonate (SDBS) at a ratio of 1:10, CNT to SDBS respectively,
as it has been previously reported as the ideal ratio of surfac-
tant to CNT [20,21]. Once sonicated, the solution was centri-
fuged at 5000g for 30 min, removing any remaining
agglomerated material from the dispersion. Dispersions were
blended with poly (ethylene oxide) (PEO) (supplied by Sigma
Aldrich, with an average molecular weight of 2,000,000
Mv), after the CNTs were dispersed; this was in order to pre-
vent the ultra-sonic irradiation cleaving the polymer chains,
which would reduce viscoelasticity, rendering the solution
unsuitable for electrospinning [22]. Once electrospun, this
solution effectively produces PEO nano-fibres embedded withCNTs at 3.9% weight, assuming all of the solvent is evapo-
rated; this was confirmed by thermogravimetric analysis
(TGA).
The solutions were electrospun at +12 kV from a single
needle spinneret at a distance of 20 cm from a high speed
(10 m/s surface velocity), electrically ground, rotating drum.
The drum itself was wrapped in a silicone coated paper, to
allow easy removal of the produced fibres. The resultant elec-
trospun fibres were folded several times (much like a sheet of
paper), in a manner which maintains the fibre alignment, in
order to produce a thicker sample (enabling easier handling
and analysis after baking). In order to quantify the CNT align-
ment after electrospinning, a polarised Raman spectroscopy
method, as outlined by Hwang et al. [23] was employed in this
work. We found that circa 94 ± 2% of the CNTs to be aligned
over large areas as described in the experimental details.
TGA was used to both confirm CNT content but also to
confirm how and at what temperatures the different materi-
als used in this investigation thermally breakdown. Fig. 1
shows individual TGA curves of the three chemicals that con-
stitute the CNT loaded nano-fibres produced during electros-
pinning and then a fourth curve for the final nano-fibres
themselves. For each material, the analysis was conducted
in both air and nitrogen, from room temperature to 900 C,
at a heating rate of 10 C/min.
The percentage mass losses of each of the TGA curves
were assigned by calculating the relative atomic weight with
respect to the total molecular weight of the sample. Detailed
analysis of some of the TGA curves can be found in the Sup-
plementary information item S1. Results confirm that, in both
air and nitrogen, the majority of PEO is removed before 450 C,
with the PEO thermally degrading at a significantly lower
temperature in air through an oxidation process. The thermal
decomposition of SDBS takes very different routes depending
on whether this is performed in nitrogen or in air. In nitrogen,
the alkyl chain of the molecule is removed by 480 C (48.5% of
the total weight). The benzene ring is subsequently lost by
800 C, leaving the head of the surfactant, now present in
the form of sodium hydrogen sulphite (NaHSO3). In air, the
compound follows a different decomposition route due to
the presence of oxygen, the head of the surfactant is still
not removed but has been oxidised and as such the residue
left above 800 C is attributed to NaHSO4. With regards to
the wetcake material, CNTs were oxidised in air at around
590 C and only the metal catalyst remains, whereas in nitro-
gen, the lack of oxygen prevents CNToxidation and therefore
the sample is unaffected. As previously mentioned, in order
to align the CNTs into a sheet, all three of these materials
need to be combined and electrospun. The final TGA curve
in Fig. 1D is of the electrospun CNT loaded nano-fibres. This
result is effectively the combination of all three of the other
TGA curves, and provides an indication of what species are
expected to be present after thermal treatment, with and
without steam over a range of temperatures.
In preparation for the steam treatment process, the thick,
aligned, CNT loaded fibre mats were mounted on a silicon
wafer and loaded into the centre of a Carbolite quartz tube
furnace (as shown in Fig. 2A). The quartz tube is purged with
nitrogen at ambient pressure before elevating the tempera-
ture, minimising the risk of residual oxygen oxidising the
Fig. 1 – TGA results, carried out in both air and nitrogen, are plotted from 150 C in order to eliminate water content and show
the thermal decomposition of all materials used in the production of CNT loaded nano-composite fibres. (A) PEO decomposes
in air at 220 C and is not removed in N2 until 385 C. (B) SDBS shows two distinct mass losses in N2 and has a more complex
decomposition due to oxidation in air. (C) CNTwetcake is not removed in N2 and oxidises in air at 590 C. (D) The spun fibres
show the mass losses associated with a combination of the three materials and indicate how the fibres will react during the
steam treatment process. (A colour version of this figure can be viewed online.)
Fig. 2 – (A) Schematic diagram of the set up used to steam treat our samples, where the valve system allows control over
when steam is introduced to the furnace, preventing condensation during cooling. (B) Typical SEMmicrograph of CNT loaded
fibres and (C) the same fibres after steam purification (when using SDBS functionalised CNTs), where alignment can be seen
to be maintained. (A colour version of this figure can be viewed online.)
132 C A R B O N 8 4 ( 2 0 1 5 ) 1 3 0 –1 3 7CNTs in the sample (Fig. 1C). The furnace is then heated at
20 C/min up to a target temperature, where this temperature
is held for 3 h, to ensure maximum beneficial effects, before
being left to cool by air. As the furnace heats up, the water
is heated close to boiling point; when ready, the nitrogen is
then bubbled through it at rate of 2 L/min, carrying water
vapour in to the reaction chamber to selectively oxidise the
fibrous material. Steam was introduced in to the furnace dur-
ing the 3 h period that the furnace was at the target temper-
ature, preventing condensation and controlling the volume
of steam passed over the sample. Once the furnace hadreturned to room temperature, the samples were removed
and analysed. Electron microscopy images of the CNTs at
each stage of the process can be found in the Supplementary
data (Fig. S4).
3. Results and analysis
3.1. Raman spectroscopy
Raman spectroscopy is a non-invasive analytical technique,
which is well documented for the characterisation of CNTs,
C A R B O N 8 4 ( 2 0 1 5 ) 1 3 0 –1 3 7 133owing to the ease and versatility of the technique and the sig-
nificant amount of information that can be gathered from a
single spectrum [24]. Pristine CNTs will produce a spectrum
with well-defined narrow peaks and with low background
intensity. The presence of amorphous carbons and other
impurities will increase photon/phonon scattering, resulting
in both broadening of the peaks and an increase in the level
of background scattering [25]. Fig. 3A plots the spectra of sam-
ples that were steam treated over a range of temperatures. In
some cases it is good practice to remove any background sig-
nals from the spectrum to allow a baseline for sample com-
parison; however in Fig. 3 we have not done so. This allows
the background level of each spectrum to be compared. Gen-
erally speaking, the lower the background level, the lower the
amorphous carbon content [25]. In Fig. 3B, the background
level of samples baked at different temperatures can be seen
to reduce as the steam treatment temperature is increased,
demonstrating how the steam purification process is more
effective at higher temperatures. Note: all Raman analysis
conducted in this article was done so with a 782 nm (red)
laser, with a power of 1%, this ensured that the sample was
not burnt or altered during the analysis. Most other publica-
tions that claim high purity SWCNT materials analyse their
samples with a 514 nm (green) laser, which will naturally pro-
duce a graphitic defect signal (D band) significantly lower in
intensity. In these cases, it is not a fair assessment of the
SWCNT material.
In addition to lowering the background level of the spec-
trum, reducing the amorphous carbon content minimises
the signal scattering, subsequently narrowing the peaks [26].
This reveals the fine structure of the G band, with the G peak
being more apparent at higher temperatures. The stacked
spectra in Fig. 3A highlight how this ‘narrowing’ process
evolves with increasing sample purity; as the steam treat-
ment temperature is increased and the sample is further puri-
fied, peak splitting is more predominant, allowing weaker
vibrations/excitations to be defined in the spectrum. Narrow-
ing of the Raman peaks was also observed for the other key
peaks, including the D and the 2D peaks. Further analysis of
these peaks additionally revealed that the peak locations
increasingly blue shift as steam treatment temperatureFig. 3 – (A) Raman spectra of steam treated fibres where the pro
showing the RBM, D and G peaks. The spectra have been norm
level over the range 1400–1475 cm1 plotted against temperatur
increasing temperature of bake. This indicates a reduction in the
effects of the steam. (A colour version of this figure can be viewincreases, suggesting that vibrational energy loss through
defect scattering has been reduced, providing further evi-
dence that the samples have been increasingly purified with
increasing steam baking temperature [see Supplementary
item S2 for plots of FWHM and peak location against steam
baking temperature for both the D and 2D peaks].
The CNTs used in this experiment are predominantly
SWCNTs and DWCNTs; in such samples, radial breathing
mode(s) (RBM) and the G-band are the strongest features seen
in the spectra. The RBM region, unique to single/doublewalled
CNTs, relates to a circumferential vibration of the nanotube
and is directly proportional to the diameter of the nanotube.
Nanotube diameters were determined using the formula
proposed by Dresselhaus et al. for bundles of nanotubes [27]
and is accurate for CNTs in the diameter range of 1–2 nm.
RBM peaks of CNTs with diameters above 2 nm are not
measureablewith the Raman Spectrometer used. Additionally
RBM peaks will only appear if they are in resonance with the
laser energy used, as set out by the Kataura plot [28].
Differences in RBM peak intensities were realised for sam-
ples treated with and without steam at 1000 C, Fig. 4A plots
the RBM region of the Raman spectra for both samples. As
already described, steam treatment can selectively remove
amorphous and polymeric carbon (due to the lower energy
required to break the carbon bonding), and as such does not
oxidise the majority of CNTs. The presence of typical CNT
peaks in Raman spectra (RBM, D and G) as shown in Fig. 3A
after steam treatment, even at temperatures of up to
1000 C, confirm that CNTs are still present in the sample.
Closer analysis of the RBM peak positions show them to
remain constant, which indicates that the diameter of the
CNTs was not affected by the steam treatment process, as
we expected. However, the relative peak intensities have
changed, suggesting that some specific diameters of CNTs
are preferentially removed during the steam treatment pro-
cess. We expect that CNTs with a high number of defects will
be removed, and as such CNTs of specific diameters may have
a higher number of defects, allowing the steam to oxidise
them. However, it could be that some CNT chiralities are more
susceptible to oxidative attack by steam compared to others,
but this could not be deduced from the laser energiescess temperatures ranged between 500 C and 1000 C
alised to the highest peak (G peak). (B) Average background
e of bake, revealing the background decreases with
amorphous carbon content, demonstrating the purification
ed online.)
Fig. 4 – (A) Raman spectra showing RBM region of samples baked at 1000 C in steam (black) and without steam (red), spectra
have been normalised to the respective G+ peak values and had background intensity removed. (B) Themeasured ID/IG ratio of
steam treated fibres decreases with increasing process temperature, indicating that steam treatment not only removes
polymer but also reduces the number of defects in seen in CNTs (ID/IG ratio of wetcake appears as a dashed green line). (A
colour version of this figure can be viewed online.)
134 C A R B O N 8 4 ( 2 0 1 5 ) 1 3 0 –1 3 7available within the Raman instrument used. Further work
would be needed to confirm this theory.
The RBM peak locations were found to correspond to CNT
diameters of 0.92, 1.22 and 1.63 ± 0.02 nm, where the smallest
and largest diameters are within error of being potentially the
inner and outer wall of a double walled CNT (with a wall sep-
aration distance of 0.69 nm). While the 1.23 nm diameter
walled tubes are only single walled, it is CNTs with this diam-
eter which have seen the highest Raman peak increase after
steam treatment. This could be due to either impurities being
removed from their walls, allowing the weak Raman signal to
be increasingly detected, or the result of outer walls being
removed off of double/few walled CNTs, leaving only the cen-
tre wall. This result is supported in Fig. 4A by a small peak
seen at a Raman shift of 132 cm1, which is visible when for
the sample baked without steam but missing on the sample
that was steam treated.
The intensity of the D peak and the G peak were com-
pared, given as an ID/IG ratio, to assess the quality of the
material with respect to the concentration of defects present
in the sample. Doing this revealed that the steam treatment
has been proven to reduce the level of disorder in the sample,
indicated in Fig. 4B. Here the ID/IG ratio decreases with
increasing steam treatment temperature, indicating both
increasing purity and increasing crystallinity. This increase
in the sample purity also resulted in an increase in the RBM
signal intensity. This is an indication that a stronger RBM sig-
nal was coming from SWCNTs or DWCNTs over other CNT
species in the treated samples, indicating that the other car-
bon species where removed during the purification process
[9,26]. This yet again proves that the high temperature steam
treatment process leaves only high quality, highly crystalline
CNTs, which we later found to resist oxidation at tempera-
tures above 900 C.
3.2. Thermogravimetric analysis
TGA was further utilised in order to analyse both the steam
and non-steam treated samples. Conditions seen in the tube
furnace could not be mimicked using our TGA aswe could not
introduce steam to the furnace. However by analysing thesamples in the TGA in air, the mass loss for the carbon con-
tent can be analysed, with higher crystallinity CNTs having
a higher oxidation temperature than amorphous carbon. High
levels of amorphous carbon were known to be present in the
samples baked at lower temperatures and amorphous carbon
content is decreased with increasing temperature of the bake
(as shown by Raman spectroscopy results).
Samples baked without steam (in a nitrogen only atmo-
sphere) were analysed by TGA in air (Fig. 5A). Results show
that water content (present through adsorption of moisture
in air) differs and is lost before 100 C and as a result the
TGA analysis had to be conducted from 150 C for a fair com-
parison. Subsequent behaviour was found to be similar; all
samples display a similar mass loss between 410 C and
470 C (increasing slightly with treatment temperature), cor-
responding to the oxidation of carbon materials (including
the CNTs). However, there is no CNT decomposition at
550 C (as seen in Fig. 1C), this suggests that the presence of
large amounts of amorphous carbon is promoting CNToxida-
tion and oxidising them at a lower temperature, this is only
seen in samples treated without steam.
Fig. 5B displays the TGA curves for samples baked with the
steam treatment. Samples baked at 600 C were found to be
similar in relation to total mass lost and the temperatures
at which those losses occur, compared to the non-steam trea-
ted samples. It can therefore be deduced that both samples
contain the same ratios of materials and that steam has
had no effect on the sample at this temperature, this is in
agreement with Tobias et al. that the steam purification reac-
tion starts at 700 C.
Samples baked with steam above 700 C do not exhibit the
same behaviour as those without steam. The mass loss seen
at approximately 450 C is now not seen until 650 C and con-
siderably reduced (for higher temperatures removed entirely).
This indicates that the addition of steam to the baking pro-
cess oxidises and removes more carbonaceous materials than
is otherwise removed in an inert (nitrogen) environment. The
temperature at which steam starts to oxidise amorphous car-
bon can be probed further by comparing the residue left in the
TGA pan (measured as a percentage of the starting weight).
This was done for samples baked both in nitrogen and with
Fig. 5 – TGA curves of aligned CNT fibre samples that have been baked in a nitrogen environment without steam (A) and with
steam (B). TGAwas carried out in air with a heating rate of 10 C/min from room temperature to 900 C. For the samples that
were steam treated at temperatures over 700 C, CNTs oxidise at higher temperatures than is otherwise seen in the wetcake
product, suggesting steam treatment at high temperatures has a purification effect on parts of the CNT that initiate oxidation
such as defects. (A colour version of this figure can be viewed online.)
C A R B O N 8 4 ( 2 0 1 5 ) 1 3 0 –1 3 7 135the addition of steam, over a range of temperatures (Fig. 6).
Steam is oxidatively active above 700 C, from which the res-
idue is greater for steam treated samples when compared to
those treated in nitrogen (where more CNTs which resist oxi-
dation survive). This is a clear indication that more lower
ordered carbonaceous material has been removed due to
steam assisted oxidation.
As previously noted, the presence of unique CNT Raman
peaks in the spectra when analysing samples baked above
700 C in steam (Fig. 3), confirms that CNTs remain after the
treatment process. Therefore, the carbonaceous material
removed is predominantly polymeric and amorphous carbon,
not the CNTs. TGA analysis revealed that samples that have
been steam treated above 700 C exhibit very small massFig. 6 – The percentage of the sample remaining after TGA
analysis (reported in weight%) has been plotted as a
function of heat treatment temperature for sample baked in
nitrogen (red line) and baked in the presence of steam (black
line). Above 700 C the residue for steam treated fibres is
greater than those treated without steam. This indicates
that steam is oxidatively active towards amorphous carbon
above 700 C, leading to purification (with respect to
amorphous carbon content) in the steam treated CNT fibres.
(A colour version of this figure can be viewed online.)losses, this corresponds to either the oxidation of some
remaining defective CNTs (but not the majority) or some
amorphous material which may have survived in a dense
agglomerate (that the steam could not penetrate). The oxida-
tion temperature, during TGA, increases with the steam treat-
ment temperature. For the sample steam treated at 800 C,
fewer still CNTs are oxidised between 600 C and 750 C in
TGA. This is significantly higher than the corresponding
TGA curve of the raw CNT product (Fig. 1), and demonstrates
how steam treated CNTs are now more resistant to oxidation.
This is because the CNTs now have fewer defective points for
oxidation to initiate (as shown in Fig. 3). After steam treat-
ment at 900 C, very little mass loss (if any) is observed
through TGA. This indicates that the oxidation temperature
of CNTs is further increased, and is above 900 C (the limit
of our TGA). Raman spectroscopy confirmed that the residual
from the TGA sample analysed in air, contained CNTs, prov-
ing that the CNTs in the highest temperature steam treated
samples are resistant to oxidation. Even in air at tempera-
tures above 900 C. Furthermore the ID/IG ratio was found to
be as low as 0.03! This is a substantial improvement on the
wetcake material which oxidised at 590 C and had an ID/IG
ratio of 0.36. This demonstrates that the steam treated CNTs
are of such purity and crystallinity, that their oxidation tem-
perature is closer to that of pristine graphene (1200 C). This
degree of improvement in CNT oxidation temperature has
never before been reported and allows the development of
high temperature CNT devices, for applications in extreme
environments.3.3. Sodium contamination
Although steam treatment has successfully shown the selec-
tive removal of carbonaceous materials from the polymer and
surfactant, it cannot remove the ionic groups present in the
surfactant. We carried out X-ray analysis in a SEM to confirm
that a compound containing sodium was the major contami-
nant present in the aligned CNT samples as residue from the
surfactant (this supports TGA data seen in Fig. 1B). Other sur-
factants that do not contain sodium could be used and would
136 C A R B O N 8 4 ( 2 0 1 5 ) 1 3 0 –1 3 7lead to lower contamination levels. However, SDBS has
proved to be the best surfactant for obtaining high weight
concentration dispersions of our carbon nanotubes (Thomas
Swan, Elicarb wetcake), which remained stable when blended
with PEO for the electrospinning alignment process.
The presence of large deposits of sodium oxide is a prob-
lem for future applications of the material, hindering both
electron transport and reducing active surface area. An acid
washing procedure was implemented to remove the contam-
inant material. A sample was immersed in concentrated
hydrochloric acid (36%) and left for 10 min and stirred inter-
mittently, and washed with deionised water in triplicate.
The baked fibre had kept its shape throughout the acid wash-
ing process, indicating that this process could be feasible in
an industrial setting. EDX analysis [see Supplementary item
S3] proved that sodium deposits had been removed from
the sample, leaving an aligned sheet of steam purified CNTs
with minimal amorphous carbon.4. Conclusion
Steam treatment of aligned electrospun carbon nanotube
fibres has been demonstrated to selectively remove carbona-
ceous impurities and polymeric material, leaving highly
aligned sheets of high quality, high purity carbon nanotubes.
Raman spectroscopy and thermogravimetric analysis have
shown that steam treatment can reduce both amorphous car-
bon content and remove areas of CNTswith a high concentra-
tion of defects, leading to extremely low D to G peak ratios.
Raman results illustrate a change in RBM peak intensities,
which suggests that the steam treatment can selectively oxi-
dise different types/diameters of carbon nanotubes, which we
attribute to these types/diameters having a higher degree of
defects. However, no link between semiconducting or metal-
lic CNTs being preferentially oxidised has been deduced.
CNTs in our steam treated composite samples were found
to be substantially more resistant to oxidation, where the oxi-
dation temperature of the CNTs increased with steam treat-
ment temperature. Samples that were steam treated at
temperatures above 900 C were found to have totally resisted
oxidation at temperatures above 900 C, a substantial
improvement on the original oxidation temperature of the
material and previous unreported in literature.
The surfactant used to disperse CNTs, SDBS, has been
shown to leave sodium-containing residue after the steam
treatment process. The sodium can be removed from the
resultant baked fibres by an acid washing procedure, which
maintains aligned sheets of CNTs. Alternative surfactants
have more recently been used to successfully obtain the same
highly aligned carbon nanotube sheets without sodium con-
tamination and will be reported in the future.
These processing steps have led to higher quality aligned
carbon nanotube sheets that have the potential to be devel-
oped into high temperature CNT devices, for applications in
extreme environments. The removal of polymer (and impuri-
ties from the CNTs) will increase both the conductivity and
surface area. We envisage their future application in areas
such as advanced electronics, charge storage and next gener-
ation composite materials.Acknowledgements
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